can be anticipated, the t-channel gluon-exchange (t−CGE) topologies start to be dominant 16 only for P T > ∼ m Z /2. The polarisation pattern is not altered by the QCD corrections. This 17 is thus far the first quarkonium-production process where this is observed in the CSM.
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35
A few years ago, non-perturbative effects associated with colour-octet (CO) channels [1- ) and initiated by a light-quark gluon fusion at order αα 3 s (e). The quark and antiquark attached to the ellipsis are taken as on-shell and their relative velocity v is set to zero.
In this paper, we focus on the production of J/ψ (and Υ) in association with a Z boson.
66
Whereas this process may give us complementary information on quarkonium production if 67 it happens to be experimentally accessible at the LHC, it also offers an interesting theoret-68 ical playground for the understanding of the QCD corrections in quarkonium-production 69 processes. Our motivation was twofold: first, to see if the polarisation pattern of the J/ψ 70 is altered by the QCD corrections at large P T ; second, to see how large the effect of new 71 topologies opening at NLO is, by comparing a full NLO computation to a simplified one -72 NLO -with a infrared (IR) cut-off and neglecting loops. Our attention has also been drawn 73 to this process by a previous analysis of the yield at NLO [32] which showed an intriguing 74 result where NLO corrections were large at low P T and getting smaller at large(r) P T .
75
Such a result could only be explained by a negligible contribution from new kinematically 76 enhanced topologies and a large (positive) contribution from loop corrections at low P T .
77
As we shall demonstrate, the conclusion drawn in [32] are misguided by an unconventional 78 choice of the factorisation and renormalisation scales (µ F and µ R ), -way below m Z -and 79 a P T range not large enough -compared to m Z -to be able to observe the dominance of 80 t−CGE topologies. As a matter of fact, if one chooses a value for the scales commensurate 81 with m Z , rather than the transverse mass of the J/ψ as done in [32] , the NLO corrections 82 are found to be small at small P T . On the other hand, for P T > ∼ m Z /2, the NLO corrections 83 are enhanced by a kinematical factor P 2 T .
84
The paper is organised as follows. In the CSM [9], the matrix element to create a 3 S 1 quarkonium Q with a momentum P Q 97 and a polarisation λ accompanied by other partons, noted j, and a Z boson of momentum 98 P Z is the product of the amplitude to create the corresponding heavy-quark pair, M(ab → 99 QQ), a spin projector N (λ|s 1 , s 2 ) and R(0), the radial wave function at the origin in the 100 configuration space, obtained from the leptonic width, namely
where P Q = p Q +pQ, p = (p Q −pQ)/2, s 1 and s 2 are the heavy-quark spins, and δ ii / √ N c is 102 the projector onto a CS state. N (λ|s 1 , s 2 ) can be written as
the non-relativistic limit with ε λ µ being the polarisation vector of the quarkonium. Summing 104 over the quark spin yields to traces which can be evaluated in a standard way.
105
At LO, there is only a single partonic process at work, namely gg → J/ψZ -completely 106 analogous to gg → J/ψγ for J/ψ-prompt photon associated production-with 4 Feynman 107 graphs to be evaluated. One of them is drawn on Fig. 1 (a) . The differential partonic cross 108 section is readily obtained from the amplitude squared 1 ,
from which one obtains the double differential cross section in P T (P T ≡ P J/ψ,T ) and the
110
J/ψ rapidity, y, for pp → J/ψZ after convolution with the gluon PDFs and a change of
The momenta of the initial gluons, k1,2, are, as usual in the parton model, related to those of the colliding hadrons (p1,2) through k1,2 = x1,2 p1,2. One then defines the Mandelstam variables for the partonic system:
-3 -variable:
where 
where γ E is Euler's constant, β 0 = The real corrections arise from three parton level subprocesses: 
147
The contribution from the quark-antiquark fusion (Eq. (3.4)) is also IR finite and small.
148
The phase-space integration of the other two subprocesses will generate IR singularities, production. This is done after our complete results are presented. 
195
However, as depicted in Fig. 2 as we shall discuss in the next section.
207
In Fig. 3 , we show the scale sensitivity at low P T around two different choices of the The cross section at 13 TeV is 12 % smaller than at 14 TeV. 4 Note that we could have evaluated the cross section for lower PT where the cross section is well behaved.
However, we do not expect -at least in the central region-any experimental measurement to be carried out in this region owing to the momentum cut on the muons because of the strong magnetic fields in the ATLAS and CMS detectors.
depend on the arbitrary IR cutoff 5 which is used to mimic the effect of the loop contributions 235 which regulate the soft gluon emission divergences. We are in a position to check from which 236 P T the NLO starts to reproduce the full NLO and becomes to be less sensitive on the IR 237 cut.
238
The various dotted lines on Fig. 4 show the NLO evaluation for different cut-off values.
239
Two observations can be made: 1) they converge to the NLO steadily for increasing P T , 2) 240 for P T > m Z , the NLO evaluations are within a factor of 2 compatible with the complete 241 NLO yield. This confirms that loop corrections are sub-leading in P T and can be safely 242 neglected for P T larger than all the masses relevant for the process under consideration 243 and that new topologies appearing at NLO, the t-CGE ones, dominate at large P T . At low 244 P T , where the NLO and LO yield are similar, the NLO overestimate the NLO. As regards the possibility to study such a process at the LHC, the P T differential cross 246 sections times the branching Br(J/ψ → µ + µ − ) at the smallest P T accessible by ATLAS and 247 CMS (3 to 5 GeV depending on the rapidity) is of the order of 1 fb/GeV at 14 TeV (Fig. 4) 248 and three times less at 8 TeV (Fig. 5) . These do not take into account the branching of the 
268
On the contrary, we expect a larger sensitivity on the renormalisation scale, µ R , since 269 the leading process shows an additional power of α s (µ R ). In practice, we study the scale 270 sensitivity by varying µ F and µ R together and then µ R alone by a factor 2 about the
271
"default" scale m Z with 3 cuts in P T -i.e. 3, 50 and 150 GeV. 
(b) Scale dependence at NLO Figure 6 : Scale dependence of the yield at LO (a) and NLO (b) for P T > 3 GeV, P T > 50 GeV, P T > 150 GeV where both the renormalisation and factorisation scales are varied together (µ F = µ R , solid lines) about µ 0 = m Z and only the renormalisation scale is varied (µ F fixed, dashed lines). Note that α has been kept fixed.
On Fig. 6 , we do observe, as anticipated for P T > ∼ m Z (red curves), a stronger scale dependence of µ R are identical since one can factor out a common α 2 s since our choices of 279 µ R do not depend on P T .
280
-10 -5 Polarisation: polar anisotropy in the helicity frame
281
The polar anisotropy of the dilepton decay of the J/ψ, λ θ or α, can be evaluated from the 282 polarised hadronic cross sections:
(5.1)
To evaluate α(P T ), the polarisation of J/ψ must of course be kept throughout the 284 calculation. The partonic differential cross section for a polarised J/ψ is expressed as: The polarisation can be obtained in a given frame by taking the corresponding polarisation Our results at 14 TeV in Fig. 7 (a) clearly show that the direct-J/ψ yield in association 296 with a Z boson is increasingly longitudinally polarised in the helicity frame for increasing for the colour-singlet channels. For the J/ψ produced inclusively or in association with a 301 photon, the yield at LO and NLO are found to have a completely different polarisation.
302
Our interpretation is that, when a Z boson is emitted by one of the charm quarks forming 303 the J/ψ, the latter is longitudinally polarised, irrespective of the off-shellness and of the 304 transverse momentum of the gluons producing the charm-quark pair. This is not so when 305 a photon or a gluon is emitted in the final state. In the present case, we also note that the 306 polarisation at 8 TeV (Fig. 7 (b) ) is nearly exactly the same as at 14 TeV. values for the differential cross sections vs. P T at LO and NLO are shown in Fig. 8 (a-c) .
328
An enhancement by a factor 2 to 4 can certainly be expected if the feed-downs from excited 329 bottomonium states and the usual theoretical uncertainties are taken into account.
330
By comparing Fig. 8 (a-c) 
334
In the latter case, the situation is worse since the NLO cross section can become negative 335 for large √ s and small P T . It hints at significant NNLO corrections at small P T in the 336 small-x region, as anticipated in [50] .
337
For the sake of the comparison with the J/ψ case, we have also computed the polari- : P T dependence of the polarisation (or azimuthal anisotropy) in the helicity frame of the direct Υ produced with a Z boson at LO and NLO at √ s = 14 TeV. 7 We have considered a wider rapidity range than usual for the CDF quarkonium analyses since CMX muons can be used in such a correlation analysis owing to the smaller background compared to inclusive measurements [46] .
In conclusion, we have studied the effects of the QCD corrections to the production of direct J/ψ and Υ via colour-singlet transitions in association with a Z boson at the LHC. We 344 have found, contrary to an earlier study [32] , that the NLO QCD corrections are consistent 345 with the expectations, namely increasing for increasing P T and small at low P T . We expect 
351
We have studied the scale sensitivity of the J/ψ + Z cross section at LO and NLO. At prediction more precise at low P T compared to the inclusive case, for which the leading-P T
359
contributions at NLO and NNLO dominate at lower P T .
360
We have also found that the yield polarisation is not altered by the QCD corrections. 
